The cytokine IL-1 mediates diverse forms of neurodegeneration, but its mechanism of action is unknown. We have demonstrated previously that exogenous and endogenous IL-1 acts specifically in the rat striatum to dramatically enhance ischemic and excitotoxic brain damage and cause extensive cortical injury. Here we tested the hypothesis that this distant effect of IL-1 is mediated through polysynaptic striatal outputs to the cortex via the hypothalamus. We show that IL-1␤ injected into the rat striatum with the excitotoxin ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (S-AMPA) caused increased expression of IL-1␤ (mRNA and protein) mainly in the cortex where maximum injury occurs. Marked increases in IL-1␤ mRNA and protein were also observed in the hypothalamus. S-AMPA, injected alone into the striatum, caused only localized damage, but administration of IL-1␤ into either the striatum or the lateral hypothalamus immediately after striatal S-AMPA resulted in widespread cell loss throughout the ipsilateral cortex. Finally we showed that the cortical cell death produced by striatal coinjection of S-AMPA and IL-1␤ was significantly reduced by administration of the IL-1 receptor antagonist into the lateral hypothalamus. These data suggest that IL-1␤ can act in the hypothalamus to modify cell viability in the cortex. We conclude that IL-1-dependent pathways project from the striatum to the cortex via the hypothalamus and lead to cortical injury, and that these may contribute to a number of human neurological conditions including stroke and head trauma. E xcessive activation of glutamate receptors (excitotoxicity) contributes to a number of neurodegenerative disorders (1). Thus direct injection of glutamatergic agonists into the brains of experimental animals has proved a useful model to study, in vivo, the underlying mechanisms of cell death in such acute conditions. There is increasing interest in the role of inflammatory mediators such as IL-1 in cell death in this and other forms of neurodegeneration, such as cerebral ischemia (2).
xcessive activation of glutamate receptors (excitotoxicity) contributes to a number of neurodegenerative disorders (1) . Thus direct injection of glutamatergic agonists into the brains of experimental animals has proved a useful model to study, in vivo, the underlying mechanisms of cell death in such acute conditions. There is increasing interest in the role of inflammatory mediators such as IL-1 in cell death in this and other forms of neurodegeneration, such as cerebral ischemia (2) .
The cytokine IL-1 has diverse actions in the brain and mediates acute experimental neurodegeneration (3) . Injection or overexpression of IL-1 receptor antagonist (IL-1ra) significantly inhibits neuronal damage induced in rodents by focal cerebral ischemia, traumatic brain injury, or excitotoxin administration (see ref.
2). Administration of exogenous IL-1␤ fails to cause neuronal death in normal rat brain but markedly exacerbates ischemic, traumatic, or excitotoxic brain injury (4) (5) (6) . When IL-1␤ is coinjected with ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (S-AMPA) in the rat striatum, extensive cell death occurs throughout the ipsilateral cortex, which is not observed after S-AMPA alone (6) . The mechanism of this potent effect of IL-1␤ is not known, although in focal cerebral ischemia, exacerbation by IL-1␤ and neuroprotective actions of IL-1ra are also mediated through actions in the striatum that influence cortical damage (7) . Because excitotoxicity contributes to many forms of neurodegeneration, understanding the interactions between IL-1␤ and S-AMPA that lead to cortical death could be important for a number of acute conditions.
Effects of IL-1␤ on AMPA-receptor-mediated cell death in the striatum appear to be ''all or nothing.'' We have demonstrated that certain regions are more responsive, i.e., a greater frequency of cortical damage is seen after S-AMPA plus IL-1␤ treatment. These positive sites include the ventral striatum and shell of the nucleus accumbens (R. I. Grundy, N.J.R., and S.M.A., unpublished data), which show quite distinct neuronal projections to other brain areas when compared with other striatal sites of injection where IL-1␤ is relatively ineffective. Both regions have connections with the limbic system (8) and the hypothalamus (9) . The hypothalamus is a known site of IL-1 action on fever, food intake, and various endocrine responses (3, 10) , so connections to this brain area from the ventral striatum and nucleus accumbens could contribute to the observed effects of IL-1␤ on cell death. The hypothalamus has afferent connections with the entire cortical mantle, either directly, or indirectly via the basal ganglia and related structures such as the thalamus and amygdala (9, 11) and could thus influence cortical cell excitability and survival.
The aim of this study was to test the hypothesis that effects of IL-1␤ on excitotoxic cell death in the striatum are mediated through polysynaptic striatal outputs via the hypothalamus. To do this, we measured expression of IL-1␤ (mRNA and protein) in the striatum, cortex, and hypothalamus after striatal injections of S-AMPA alone and together with IL-1␤. The functional importance of hypothalamic IL-1␤ was investigated by defining whether direct hypothalamic injection of IL-1␤ or IL-1ra affected the damage produced by striatal administration of S-AMPA alone or with IL-1␤.
Materials and Methods
Experimental Treatments. The excitotoxin S-AMPA (Tocris Neuramin, Bristol, U.K.) was dissolved in sterile PBS (0.1 M) to the required concentration (15 mM). Human recombinant IL-1␤ (DuPont) and human recombinant IL-1ra (PeproTech, Rocky Hill, NJ) were dissolved in sterile 0.9% saline containing 0.1% BSA (Sigma). The concentration of S-AMPA used was based on dose-response studies (data not shown) and produces a submaximal and reproducible lesion within the striatum and, together with hrIL-1␤, consistently results in cortical damage after striatal coinjection. Doses of hrIL-1␤ are based on previous studies demonstrating the effectiveness of this concentration on AMPA-receptor-mediated responses (6, 12) and induction of fever (13) . thane (2.5% in 100% O 2 ; AstraZeneca, Macclesfield, U.K.) and placed in a stereotaxic frame (Stoelting). Stereotaxic injections were performed as described previously (6) into the striatum [coordinates relative to bregma (mm): anterior-posterior (AP) ϩ0.7, medial-lateral (ML) Ϫ2.7, dorsal-ventral (DV) Ϫ5.5], or lateral hypothalamus (AP Ϫ3,6, ML Ϫ1.8, DV Ϫ8.4) (14) . All injections were performed at a rate of 0.5 l͞min with the needle left in place for a further 4-5 min to allow for diffusion of the injected solution. The striatal site used in this study was based on that used in previous reports on the effect of S-AMPA and IL-1␤ coinjections in the striatum (6).
Reverse Transcription-PCR. Expression of IL-1␤ mRNA was studied within the striatum, cortex, and hypothalamus in animals injected with 0.1%BSA͞saline ϩ PBS (vehicle), S-AMPA (7.5 nmol) ϩ 0.1% BSA͞saline, hrIL-1␤ (10 ng) ϩ PBS, or hrIL-1␤ (10 ng) ϩ S-AMPA (7.5 nmol) in the striatum or subjected to sham operation (insertion of needle alone). Animals were injected with an overdose of sodium pentobarbitone (Sagatal; Rhoné Meriex, U.K.) 3 or 8 h after treatment and transcardially perfused with ice-cold saline (diethyl pyrocarbonate treated) for 10 min. Appropriate brain regions were dissected free and snap frozen in isopentane (Ϫ35°C) on dry ice by using RNase-free conditions. Total RNA was extracted from the tissue by using the TRIzol extraction kit (GIBCO͞BRL). RNA concentration was determined by spectrophotometry at 260 nm. RNA (1 g) was reverse transcribed by using the First Strand cDNA Synthesis kit (Amersham Pharmacia). PCR amplification of an aliquot (3 l) of cDNA was undertaken by the addition of 250 ng each of the IL-1␤-specific primers ␤FOR and ␤REV (Table 1) , 2.0 units of Taq DNA polymerase (Perkin-Elmer), 10 mM of each dNTP (Boehringer Mannheim), and PCR-compatible buffer in a total volume of 50 l. PCR cycling conditions for IL-1␤ were: an initial hot start (3 min at 95°C) followed by denaturation at 95°C for 30 sec, annealing at 56°C, extension at 72°C for 1 min for 36 cycles, and a 10-min final extension period at 72°C. A competitive PCR standard was synthesized according to the method of Celi et al. (15) . Briefly, the 335-bp PCR product was used as a starting template in an additional PCR reaction driven by primers ␤REV and ␤ST (Table 1) giving a PCR product 308 bp in length, which is shorter than the conventional product but contains sites that allow it to be amplified by the original primers. The 308-bp product was purified and cRNA copies (␤st) produced (16) and diluted to 10 ng͞l. Quantification was carried out with 10-1,000 pg of standard cRNA. The results, determined by comparison with the competitive standard, were analyzed by densitometry from negatives by using image analysis software (Scion, Frederick, MD) and expressed as picograms͞micrograms of total RNA.
ELISA.
Immunoreactive IL-1␤ levels were determined by ratspecific ELISA in animals treated as described above. At specific time points (3 and 8 h) after injection, animals were killed by an overdose of halothane anesthesia followed by cervical dislocation. Appropriate brain regions were dissected free and snap frozen in isopentane (Ϫ35°C) on dry ice.
Brain samples were placed in sterile PBS containing a protease inhibitor mixture [0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride͞1 g/ml aprotinin, 1 mM benzamidine͞1 mM EDTA͞10 g/ml leupeptin͞10 g/ml pepstatin], homogenized, centrifuged (11,000 rpm, 20 min, 4°C), (Heraeus Biofuge Stratos) and the supernatant removed. The supernatant was diluted in highperformance buffer (HPE; Central Laboratory for Blood Transfusion, Amsterdam) and assayed for immunoreactive IL-1␤ by rat-specific sandwich ELISA (17) . Protein concentrations of all samples were measured by the Bradford method and cytokine levels expressed as picograms͞micrograms of protein. The average detection limit in brain homogenate was 70 pg͞ml, and the inter-and intra-assay coefficients of variation were 19% and 5%, respectively.
Histological Analysis. Animals were injected either with S-AMPA (7.5 nmol) in the striatum, followed by 0.1% BSA͞saline or hrIL-1␤ (0.1, 1 or 10 ng) in the lateral hypothalamus (LH), or with hrIL-1␤ (10 ng) plus S-AMPA (7.5 nmol) in the striatum, followed by 0.1% BSA͞saline or hrIL-1ra (0.1, 1, or 10 g) in the LH. Animals were killed by an overdose of halothane anesthesia followed by cervical dislocation 48 h after injection, and the brains were removed and snap frozen in isopentane (Ϫ35°C) on dry ice. The total lesion volume was determined from coronal cryostat sections stained with cresyl fast violet as described previously (6) . The lesion volume (a measure of gross infarction) was used to assess cell death after treatments. Cortical lesions were assessed over an anterior-posterior distance of approximately 8 mm, i.e., from sections corresponding to coronal levels from ϩ 2.7 mm to Ϫ4.8 mm (14).
Statistical Analysis. All data are expressed as mean Ϯ SEM for the number of animals given. Significant differences between two groups of animals were assessed by a Student's t test for unpaired data (with Welch's correction when the variances between groups were significantly different), whereas differences between more than two groups were assessed by analysis of variance followed by a Tukey-Kramer multicomparisons test. Statistical significance assumed a probability of less than 5%.
Results
Striatal injection of vehicle, hrIL-1␤, or S-AMPA ϩ hrIL-1␤ produced a significant increase in IL-1␤ mRNA in the striatum 3 h after injection, when compared with the S-AMPA-treated animals ( Table 2 ). In contrast, 8 h after injection, no marked differences in striatal IL-1␤ mRNA expression were observed between any of the treatments (Table 2) . Sham-operated animals expressed similar IL-1␤ mRNA levels to the treated-groups, and in all cases these were significantly greater after both 3 h and 8 h than constitutive IL-1␤ mRNA expression in naïve animals (data not shown). This increase in sham-operated rats was most likely because of a local inflammatory reaction in response to placement of the injection needle within the striatum.
In contrast, in the ipsilateral cortex, IL-1␤ mRNA expression 3 h after injection of either hrIL-1␤ or hrIL-1␤ ϩ S-AMPA was significantly higher than in vehicle or S-AMPA-injected rats (Table 2 ). In the ipsilateral cortex 8 h after striatal injection, animals treated with hrIL-1␤ ϩ S-AMPA exhibited 100-fold increases (P Ͻ 0.001) in IL-1␤ mRNA compared with vehicle animals and 10-fold greater amounts (P Ͻ 0.001) than those injected with S-AMPA or hrIL-1␤ (Table 2) . IL-1␤ mRNA levels at 8 h in the hrIL-1␤ ϩ S-AMPA group were significantly higher than at 3 h, whereas sham and vehicle groups had lower levels ( Table 2) .
Intrastriatal injection of hrIL-1␤ or hrIL-1␤ ϩ S-AMPA also induced significantly higher levels (10-fold; P Ͻ 0.001) of IL-1␤ mRNA in the hypothalamus at both 3 h and 8 h after treatment when compared with vehicle or S-AMPA groups (Table 2) .
Striatal levels of immunoreactive rat IL-1␤ measured after 3 h were no different between animals that received intrastriatal injection of vehicle, S-AMPA, hrIL-1␤, or hrIL-1␤ ϩ S-AMPA 
( Table 3 ). In contrast, after 8 h, the IL-1␤ immunoreactivity in the striatum of hrIL-1␤-or hrIL-1␤ ϩ S-AMPA-treated animals was significantly greater (Ͼ5-fold) than that observed in animals injected with S-AMPA alone. However, there was no significant difference between the hrIL-1␤-or hrIL-1␤ ϩ S-AMPA-treated groups and those animals injected with vehicle, although in all these groups a significant increase over levels at 3 h was found (Table 3) . Three hours after intrastriatal injection of hrIL-1␤ ϩ S-AMPA, immunoreactive rat IL-1␤ levels in the ipsilateral cortex were significantly higher (ϫ5) than those in animals injected with vehicle (Table 3) . No significant differences were observed between hrIL-1␤ ϩ S-AMPA-treated animals and those injected with either S-AMPA or hrIL-1␤ alone (Table 3 ). In the ipsilateral cortex 8 h after striatal injection, animals treated with hrIL-1␤ ϩ S-AMPA showed at least 5-fold higher levels of immunoreactive IL-1␤ when compared with animals injected with vehicle, S-AMPA or hrIL-1␤, or the corresponding 3-h value (Table 3) . Within the contralateral hemisphere, there was a significant increase in immunoreactive IL-1␤ between the vehicle and hrIL-1␤ ϩ S-AMPA group (data not shown). However, contralateral levels of immunoreactive IL-1␤ 8 h after S-AMPA or hrIL-1␤ ϩ S-AMPA treatment were significantly lower than the ipsilateral values (data not shown).
Intrastriatal injection of hrIL-1␤ ϩ S-AMPA produced a 2-fold increase in the levels of immunoreactive rat IL-1␤ in the hypothalamus 3 h after treatment, compared with striatal injection of vehicle or S-AMPA (Table 3 ). No significant difference was observed in immunoreactive rat IL-1␤ levels between the vehicle-or S-AMPA-treated groups and animals injected with hrIL-1␤ alone (Table 3) . Eight hours after intrastriatal injection, immunoreactive rat IL-1␤ levels in the hypothalamus were significantly higher (Ͼ5-fold) in animals treated with hrIL-1␤ alone or together with S-AMPA than in animals injected with vehicle or S-AMPA separately (Table 3 ). In addition, the amount of immunoreactive IL-1␤ was significantly greater in the hrIL-1␤ and hrIL-1␤ ϩ S-AMPA groups when compared with the 3-h levels.
Given that both IL-1␤ mRNA and immunoreactive IL-1␤ increased in the hypothalamus after striatal coinjection of S-AMPA and hrIL-1␤, we studied whether direct injection of IL-1␤ itself in this region could affect cortical cell death in response to striatal S-AMPA.
Administration of hrIL-1␤ alone caused no damage either at the site of injection or in distant sites (data not shown). Injection of hrIL-1␤ (10 ng) in the LH immediately after intrastriatal S-AMPA resulted in extensive cortical cell death compared with the modest and localized (piriform) cortical injury caused by striatal injection of S-AMPA and intrahypothalamic vehicle injection ( Fig. 1 and Table 4 ). The volume of striatal damage Expression of immunoreactive rat IL-1␤ (pg IL-1␤͞mg protein) in different regions of the rat brain 3 h and 8 h after intrastriatal injection (n ϭ 4 -6) of vehicle, S-AMPA (7.5 nmol), hrIL-1␤ (10 ng) or S-AMPA (7.5 nmol) ϩ hrIL-1␤ (10 ng). ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001 vs. vehicle. †, P Ͻ 0.05, † †, P Ͻ 0.01, † † †, P Ͻ 0.001 vs. S-AMPA. ‡, P Ͻ 0.05; ‡ ‡, P Ͻ 0.01 vs. 3 h; § § §, P Ͻ 0.001 vs. hrIL-1␤. ND, not detectable.
resulting from intrastriatal injection of S-AMPA was no different between rats treated with vehicle or hrIL-1␤ in the LH (Table 4 ). This effect appeared to be of an ''all-or-nothing'' nature, with 13͞19 animals injected with hrIL-1␤ (10 ng) displaying extensive cortical damage that incorporated both the parietal and piriform cortices, whereas in the others, damage was confined to the piriform region. Lower doses of hrIL-1␤ (0.1 or 1 ng) caused parietal cortex damage only in a single animal (Table 4) .
IL-1ra was injected in the LH to determine whether the increase in endogenous IL-1␤ in this region mediated the cortical damage resulting from striatal injection of S-AMPA plus hrIL-1␤. Intrastriatal coinjection of hrIL-1␤ plus S-AMPA resulted in an extensive lesion throughout the ipsilateral cortex (Fig. 2) as described previously (6) . Injection of hrIL-1ra (10 g) into the LH dose dependently reduced the lesion volume in the cortex when compared with vehicle-treated animals ( Fig. 2 and Table  4 ). The striatal lesion volume was unaffected by hypothalamic IL-1ra treatment (Table 4) . The upper part of the table describes the effect of hypothalamic IL-1␤ treatment on the lesion volume (LV) produced by intrastriatal injection of S-AMPA in the rat brain. Animals were injected in the striatum (ST) with S-AMPA (7.5 nmol), followed by injection of hrIL-1␤ or vehicle in the LH. The lower part of the table describes the effect of hypothalamic IL-1ra treatment on the lesion volume (L V) produced by intrastriatal coinjection of IL-1␤ plus S-AMPA in the rat brain. Animals were injected in the striatum (ST) with S-AMPA (7.5 nmol) ϩ hrIL-1␤ (10 ng) then hrIL-1ra or vehicle in the LH. Data represented as mean lesion volume (ϮSEM). The number of animals displaying distinct cell death in the parietal cortical region compared to the number injected is also indicated (N). ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001 vs. vehicle treatment; †, P Ͻ 0.05 vs. hrIL-1␤ (1 ng) treatment.
Fig. 2.
Representative coronal brain sections at a single level illustrating the cell death (pale areas) observed after stereotaxic coinjection of hrIL-1␤ (10 ng) and S-AMPA (7.5 nmol) in the rat striatum (str), followed by vehicle (A) or hrIL-1ra (10 g; B) in the LH.
Discussion
To our knowledge, this study demonstrates for the first time that hypothalamic IL-1 can contribute to cortical neurodegeneration. Injection of hrIL-1␤ ϩ S-AMPA into the striatum induced expression of IL-1␤ mRNA and protein at the sites of injection (striatum) and distant injury (cortex), and within the hypothalamus, where no injury was detected. Subsequently, it was demonstrated that blocking the actions of endogenous IL-1␤ by exogenous application of IL-1ra directly into the hypothalamus reduced the cortical lesion volume produced by striatal coadministration of IL-1␤ and S-AMPA, whereas application of exogenous IL-1␤ in the LH with S-AMPA in the striatum caused extensive cortical damage. It appears, therefore, that the hypothalamus is a primary site of action of IL-1, which directly influences cortical cell viability after activation of striatal AMPA receptors. In separate studies, we have shown that cortical cell death produced by intrastriatal injection of IL-1␤ and S-AMPA is mediated via activation of NMDA receptors (6), which suggests the involvement of a glutamatergic pathway(s) from the striatum to the cortex. Detailed neuronal loss, which may have provided a clearer indication of discrete changes or more diffuse cell loss either locally or in distant regions, was not quantified.
IL-1 has diverse actions in the hypothalamus (3, 10) through effects at a number of sites (18, 19) . We targeted the LH because of its known connections with the cortex, ventral striatum (including the nucleus accumbens), and other major hypothalamic nuclei (9, 20) . However, other brain areas may contribute to the effects of IL-1␤, and our preliminary data indicate that injection of hrIL-1␤ into the anterior hypothalamus produces extensive cortical cell death when injected after striatal S-AMPA (data not shown). Injection of hrIL-1␤ immediately after intrastriatal S-AMPA into sites adjacent (Ͻ0.7 mm distant) to the LH site described here produce damage in only a minority of animals, e.g., 1͞8 rats injected rostromedial to the LH have cortical damage, whereas injections either dorsomedial or dorsolateral are more likely to produce cortical death (6͞7 and 4͞7 respectively; data not shown). The reason for this apparent site specificity is not clear.
Hypothalamic actions of IL-1 include the induction of fever (21) , and increases in temperature have been shown to exacerbate neuronal damage (22, 23) so it is possible that IL-1-induced changes in body and͞or brain temperature could be responsible for the observed effect of IL-1 on excitotoxic damage. However, our earlier studies indicate increases in core body temperature are not involved in actions of IL-1␤ on neuronal damage (12) , although local changes in brain temperature cannot be fully excluded (24, 25) .
The dramatic increase in expression of IL-1␤ in the cortex of animals injected with hrIL-1␤ ϩ S-AMPA in the striatum was most notable 8 h after injection when injury is emerging (Tables  2 and 3 ). This change is consistent with direct involvement of IL-1␤, synthesized locally, in cortical cell death induced by striatal insults. Indeed, preliminary data indicate that an increase in cortical IL-1␤ levels is necessary for cortical cell death to occur after striatal administration of S-AMPA and hrIL-1␤, because direct cortical injection of IL-1ra immediately after the striatal coinjection markedly reduces the amount of cortical injury (data not shown).
Injection of hrIL-1␤ alone into the striatum caused a significant increase in both mRNA and immunoreactivity for IL-1␤ in the hypothalamus (Tables 2 and 3) , although the latter was observed only after 8 h. However, in these animals there was no obvious cortical cell death, and thus we speculate that increases of IL-1␤ in the hypothalamus alone are necessary, but not sufficient, to produce remote cell death in the cortex. It therefore seems that an additional ''priming'' stimulus is required, such as striatal activation of AMPA receptors, which results in the activation of a number of neuronal pathways, particularly those associated with seizures and activation of the limbic system (26, 27) . The distant propagation of neural signals has been described by Goto et al. (28) . This study measured local cerebral blood flow after hippocampal injection of kainic acid and found a gradual spreading of activity to a number of structures including the amygdala, striatum, thalamus, and cortex (sensorimotor and parietal). However, no correlation was made between the increased blood flow and cell death. We find that S-AMPA alone in the striatum does not produce cell death in the parietal cortex, although distant lesions are seen in localized areas of the piriform cortex, amygdala, and occasionally the thalamus. In contrast, striatal activation of AMPA receptors together with increased IL-1␤ in the hypothalamus can result in activation of cortical neurones, leading ultimately to extensive cell death throughout the cortex.
The change in IL-1␤ expression (both mRNA and protein) after hrIL-1␤ ϩ S-AMPA treatment was much greater in the cortex than in the hypothalamus, but this results from the extensive tissue insult in this region that stimulates IL-1␤ expression directly. However, cells also die in the striatum, yet IL-1␤ expression was lower here than in the cortex, and it may be that the form of cell death is different between the two regions. In addition, the absolute levels of IL-1␤ in each area may not be of functional significance, as it is well documented that very few IL-1 receptors need be occupied to produce a biological action (10) .
IL-1␤ levels (mRNA and protein) were measured 3 h and 8 h after treatment because previous work has demonstrated that cell death in the striatum and cortex is apparent between 8 h and 12 h after injection and is complete by 24 h (S.M.A., R. I. Grundy, & N.J.R., unpublished data). The anti-rat antibody used in the ELISA does not show crossreactivity with hrIL-1␤ (29) , so this could not account for the observed increase in immunoreactive IL-1␤ found in both the hrIL-1␤-and hrIL-1␤ ϩ S-AMPA-treated groups. Indeed if the injected hrIL-1␤ had been detected by the ELISA, this should have been most apparent at early time points after injection, which was clearly not the case (Table 3) .
Increased local expression of immunoreactive IL-1␤ after hippocampal kainic acid injection has been reported recently (30) . These authors did not study any distant changes in IL-1␤ expression but found that IL-1␤ can prolong seizure activity and proposed that IL-1␤ can enhance glutamatergic neurotransmission. This appears to contradict other reports showing that IL-1␤ inhibits synaptic transmission (31) and long-term potentiation (32, 33) and augments inhibitory neurotransmission (34) . However, the specific effects of IL-1␤ may depend on a number of factors (3), including the brain area involved (6, 7, 19) .
Several studies have reported increased expression of IL-1␤ in response to brain insults, including peripheral kainic acid (35) , methamphetamine (36) , intracerebral administration of Nmethyl-D-aspartate (NMDA) agonists (37, 38) , physical injury (39) , and cerebral ischemia (40) (41) (42) . Microglia are the major early source of IL-1␤ in response to kainic acid, NMDA agonists (30, 35, 38, 43) , or cerebral ischemia (42) , although delayed expression has been reported by astrocytes (38, 42) . It is probable that the increased levels of IL-1␤ (mRNA and protein) observed in the present study would show similar patterns of cellular expression. Interestingly, peripheral administration of methamphetamine in the rat induces a specific increase in IL-1␤ mRNA in the hypothalamus (36) , but the relevance of this to neuronal injury was not considered. Likewise, audiogenic seizures have been demonstrated to increase IL-1␣ mRNA specifically in the hypothalamus and not in other regions such as the hippocampus or cortex (44) .
In summary, IL-1␤ has site-specific actions within the striatum and is most likely to produce remote cortical death when coinjected with S-AMPA in the ventral striatum or shell of the nucleus accumbens (R. I. Grundy, N.J.R. & S.M.A., unpublished data). Such regions connect directly with the hypothalamus and other brain regions that project back to the cortex (9, 11) . We propose that intrastriatal IL-1␤ and S-AMPA can induce extensive distant injury in the cortex by activation of these complex neuronal circuits, which increase local expression of IL-1␤ in the hypothalamus (Fig. 3) . Exactly how IL-1 produces its effects in the hypothalamus is not known, although it could be due to the release of other known mediators of IL-1 action and neurodegeneration such as the hypothalamic neuropeptide corticotrophin-releasing factor (2) . Similarly, the outputs from the hypothalamus to the cortex remain to be described in detail. We propose that hypothalamic IL-1 may contribute to other forms of neurodegeneration. We have already shown some site-specific effects of IL-1 and IL-1ra in the striatum on ischemic brain damage (7, 45) . Thus, regulation of IL-1 expression or action in the hypothalamus may yield new targets for therapeutic intervention in neurodegenerative disease. Fig. 3 . Simplified schematic diagram illustrating putative pathways (dashed lines) involved in the effects of IL-1␤ on S-AMPA-mediated excitotoxic cell death in the rat brain. It is proposed that IL-1␤ can act via the hypothalamus (and possibly other areas) to exacerbate the effects of striatal S-AMPA and produce cell death in the cortex. SNR, substantia nigra pars reticulata; EP, endopeduncular nucleus.
